The present study focuses on the causes of dissimilarity in the flow structures of sprays produced by different holes of the same direct injection highpressure diesel nozzle. To assess the effect of nozzle geometry on the transient spray structure, photographs of the spray plumes produced by VCO, mini-sac and reduced sac nozzles at different delays from the start of injection were acquired. Injected fuel volume, feeding pressure, injection duration, spray penetration and cone angle were measured for all the investigated nozzles. A statistical analysis of the acquired images and data showed that sprays from the same hole were highly repeatable even with clear hole-to-hole variation of the spray structure. In particular, for the three investigated nozzle geometries the effect of nozzle flow rate, hole inlet and outlet diameter, needle geometry and working time under engine conditions were investigated. Microscope pictures of the nozzle holes were also acquired. Measurements showed that no correlation exists between spray structure and micro-defects in the holes geometry caused by drilling operations in the range of the investigated conditions (injection pressure ranging between 40 and 140 MPa). Whereas a strong dependence on needle dynamics and on the eccentricity between the nozzle and the needle due to asymmetric feeding conditions was observed.
INTRODUCTION
The development of high-pressure common rail injection systems has represented the most important contribution to diesel engine technology in the last decade. The use of these systems, in fact, have resulted in reducing noise, specific fuel consumption and the emissions from direct injection diesel engines, increasing, at the same time, their performances. The possibility to control injection rate and sprays characteristics, that have been the key points in the achievement of the above targets, have increased the interest of car manufacturers in the study of unsteady sprays produced by electronically controlled injectors. Previous studies have shown the effect of cavitation and hydraulic flip on the atomization process of high pressure diesel sprays [1] , and the effect of the sac volume on the spray characteristics [2, 4] . The characteristics of high-pressure VCO nozzles have also been investigated in a previous study [3, 5] and strong hole-to-hole variation in the spray characteristics were observed for all the operating conditions presented. Arcoumanis et al. [6] by using transparent models of production nozzles experimentally investigated the flow in the needle cavity showing that most of the spray irregularities ( e.g. hole to hole variations) were caused by the onset of a cavitating flow. The present investigation aims at identifying the existing relationship between spray characteristics, injector nozzle geometry and nozzle's hole-to-hole differences due to imperfect manufacturing. A photographic investigation of the spray produced by geometrically different nozzles was carried out. The images acquired were used to measure cone angle and spray tip penetration of every single spray plume at different times from the start of injection, and to have qualitative information on the spray structure. Once this first part of the investigation was completed, all nozzle holes were analyzed and characterized by using microscope images of the outlet profile.
EXPERIMENTAL SETUP
A schematic of the experimental apparatus is depicted in Figure 1 , whereas the common rail injection system used is illustrated in Figure 2 . The electronic central unit (ECU) was directly controlled by a personal computer that also records all the operating conditions and settings. A signal generator simulated the input signals from the engine to the ECU in such a way to allow the system to work as close as possible to real conditions. The frequency of the signals corresponded to an engine speed of 1200 rpm. The injected fuel quantity was determined by two parameters that can be set in the ECU: the rail pressure and the Energizing Time (ET), which, by definition, is the time the current flows in the coil of the electromagnet that controls the electro-injector. Computer driving the injection system ECU; 2) injection system electronic central unit (ECU); 3) signal acquisition, signal generator for the ECU time base, and delay unit; 4) tank; 5) electric motor for the radial pump; 6) radial pump; 7) common rail; 8) electro-injector; 9) flash lamp; 10) mirror; 11) pressurized vessel; 12) photodiode; 13) digital camera; 14) PC for image acquisitions; 15) CRT monitor for real time visualization.
Figure 2: Schematic of the used common rail injection system. 1) Feeding tank; 2) low pressure pump; 3) fuel filter; 4) high pressure radial pump (max. 1600 [bar]); 5) pressure regulator (controlled by the electronic central unit); 6) common rail; 7) rail pressure sensor; 8) electroinjector; 9) electronic central unit (ECU); 10) hydraulic recirculation circuit from the electro-injector; 11) hydraulic recirculation circuit from the radial-pump.
ET also represents the theoretical time the needle of the injector is lifted. However, because of the inertia of the moving parts within the injector, to define completely a single injection event, other three parameters, not directly controlled by the ECU, have to be introduced and defined [5] : NOT (Needle Opening Time): the time the needle is actually lifted up; NOD (Needle Opening Delay): the delay between the start of the ET and the start of the needle lift; NCD (Needle Closing Delay): the delay between the end of the ET and the closure of the needle. In the case of pre-injection ET has to be referred to both pre-and master injections; therefore the parameters to be considered are: ET1 (Energizing Time 1): energizing time of the preinjection; ET2 (Energizing Time 2): energizing time of the master-injection; TD (Time Difference): time between the end of the ET1 and the beginning of the ET2. Images were acquired by using scattered light from the fuel droplets and illuminating the spray by side. This setup increased the contrast between the spray plumes reducing the light diffused by the background. In this configuration (figure 1) the flash lamp has been placed on the right side of the camera and a mirror has been placed on the opposite side, so to create a virtual light source on the left side and, consequently, a symmetric illumination of the nozzle.
Images were acquired in a single shot manner. This choice has been motivated by the fact that in most of the tested cases the spray was very repeatable and a very small shot-to-shot variation was observed. To synchronize the injection event with the image acquisition system the time t=0 was assumed to coincide with the beginning of the ET pulse and the flash lamp was triggered with a signal generated by a programmable delay unit. The flashlight excited a high-speed photo-diode, placed on the camera, which triggered the camera itself. The camera exposure time was set to 1 µs and the time between the trigger signal of the flash lamp and the actual time in which the image was taken was of about 15 ns. The images from the camera were saved on a PC hard disk in LZW compressed TIFF format and subsequently post processed to extract the data of interest.
ISO 4113 oil was used for the experiment because its density, surface tension and viscosity are very close to the ones of diesel fuel. Though, unlike diesel fuel, ISO 4113 oil's properties do not change with the supplier and are less sensitive to changes in temperature and pressure. The technical specifications of the fuel, at a temperature of 293 K and a pressure of 0.1 MPa, were: viscosity 0.00217 Ns/m 2 , density 824 kg/m 3 , surface tension 0.02 kg/s 2 , flash point 348 K, and t-90 distillation point 483 K.
To test all the investigated nozzles two working conditions have been considered. The first, with a rail pressure of 1400 bar and ET of 800 µs, corresponded to the full power condition of the test engine, an experimental four cylinders DI diesel engine with a total displacement of 1200 cc. The second was a split injection characterized by a rail pressure of 400 bar and ET1 of 200 µs and ET2 of 500 µs, respectively. The second condition corresponded to the point at which the engine had the worse emission performances. Previous experiments [3, 5] carried out injecting in a pressurized vessel showed that differences between sprays of a same nozzle were somehow reduced, therefore, for the present investigation all tests were performed in a not pressurized environment, because the variation due to the pressure inside the vessel were not so considerable. The operating parameters are summarized in the following tables for both conditions: An optical microscope equipped with a 35 mm camera was used to photograph the outlet section of the nozzle holes. The microscope optical setup was such to achieve an overall magnification on the film equal to X50 and a magnification on final print equal to X230.
To assure a correct alignment and to keep the nozzles in position with the hole axis corresponding with the microscope lens axis a special adapter has been designed. Images were digitized and postprocessed to measure holes diameter and eccentricity. A statistical analysis of the measured data has been carried out. The uncertainty of the measurements was estimated to be less than 1µm and therefore the error of the measuring system was less than 0.5%.
DESCRIPTION OF NOZZLES GEOMETRIES
All nozzles analyzed were obtained by a five-hole, axial-symmetric nozzle introducing later changes to its geometry. The changes regarded the nozzle body geometry, the needle geometry, the hole geometry, and the nozzle flow rate, measured as the total volume of fuel in cm 3 injected by all the nozzle holes over a 30 s time interval when the fuel was accelerated by a differential pressure across the hole equal to 10 MPa. To avoid unknown effects due to possible differences in the electro-injector behavior all the investigated nozzles were tested using the same electro-injector.
Three nozzle body shapes have been investigated: Valve Covered Orifice (VCO), Mini Sac (MS) and Reduced Volume (RV). The RV configuration was designed as a Mini Sac nozzle with the sac volume 30% smaller than the standard Mini Sac. Figure 3 shows a schematic representation of VCO and MS nozzles. The main difference between the two types of nozzles is the presence of a small feeding volume (the sac) for the holes, in the MiniSac type. The presence of the sac volume helps the uniform and symmetric feeding of the five holes particularly during the transitory phases of the needle lift. However, MS nozzles have the not negligible drawback to store a small residual quantity of fuel in the sac volume at the end of the injection, that results in big sooting drops released during the late expansion stroke of the engine when the pressure within the cylinder is lower than the pressure in the sac volume. As the sac volume is reduced the RV and VCO geometry are obtained. However, if the reduction of the sac volume from one hand reduces the disadvantage seen before, on the other hand the price to pay is that small imperfections lead to a non-uniform feeding pressure, which results in holeto-hole spray irregularities particularly evident at the beginning of the injection event.
The effect of different hole geometries has also been investigated by considering holes with different conicity: cylindrical holes, convergent and divergent conic holes. To identify the different conic shape a conicity coefficient C, defined as 10
been introduced, where D in and D out are the inlet and outlet hole diameters measured in µm. The above definition for the conicity coefficient of the investigated nozzles is originated from its geometrical definition for a hole length of 1 mm as follows:
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Figure 3: VCO and Mini-Sac nozzle body geometry.
The effect of needle geometry has been investigated as well. In particular, three different needles were used: standard single guide SG, double guide DG, and cylindrical section with groove and inverted seat-angle GIS. As shown in figure 4 , the characteristic of GIS needle geometry is the shape of the terminal part of the needle. The first conical part in GIS needles is followed by a cylindrical section and then by a second and a third conical section. Between the last two conical sections upstream of the nozzle holes there is a groove. Because the groove was expected to affect the flow only in its vicinity, needles with GIS geometry were tested only in VCO and RV nozzles. The other geometrical characteristics are common to all the investigated nozzles. The angle between the hole axis and the nozzle axis is equal to 72.5 degrees, whereas the angle between the needle axis and the needle seat is equal to 30 degrees.
PHOTOGRAPHIC CHARACTERIZATION OF THE SPRAY
The photographic characterization of the spray has been carried out with the experimental setup of figure 1. Images were acquired from a frontal point of view, with the axis of view coincident with the symmetry axis of the nozzles. This setup allowed observing the evolution of all five sprays coming out from the nozzle tip, simultaneously. In such a way a direct comparison of the differences of the spray shapes was possible. However, this setup introduced some approximations in the measurement of the spray penetration because from the images only the projection of spray on a plane orthogonal to the nozzle axis could be measured. To take into account this effect, the real penetration was therefore calculated from its projection by using the following formula
, where p is the spray penetration, p img is the penetration measured from the images and θ is the spray angle from the nozzle axis. Even though this procedure is not very accurate, because of the changes of the spray angle during the injection (as shown in the work of A. Ficarella et al.
[5]), and because of the three-dimensionality of the spray, the errors introduced did not affect the results of the present investigation due to its comparative nature However, the absolute error introduced was estimated, by means of a statistical analysis, based over more than 100 images half of which were acquired with the camera setup used in the present investigation and the other half with the camera axis perpendicular to the spray (e.g. looking the spray by side to appreciate the changes of θ), and it resulted to be about 5% at the beginning of the injection and less than 1% when the spray was fully developed. The time origin was set at the beginning of the ECU first ET pulse and images were acquired at the beginning and at the end of the injection event, e.g. at the onset and at the end of the needle lift signal , as well as in other 7 points for the single injection case and other 10 points for the split injection case. All images reported in the present investigation follow the numbering of the holes reported in figure 5. Hole number 1 is the hole corresponding to the feeding duct of the electro-injector. 
RESULTS AND DISCUSSION
The wide number of the investigated nozzle types permitted to evaluate the effect of the nozzle geometry on spray characteristics. Obtained data show that the reason of the asymmetry of the spray is the presence of cavitation, which is more evident in some holes during the injection. Cavitating sprays are recognizable by observing that the spray diameter at the nozzle exit is much bigger than the nozzle diameter due to the higher vapor contents and the spray plume is wider and shorter because when cavitation occurs the momentum transferred to the surrounding gas is higher. Cavitating sprays can be seen in the figures reported next.
The data analysis showed that VCO nozzles tend to produce asymmetric and irregular spray plumes and the asymmetries were more evident in those nozzles that had worked on the engine because of the deposition of carbon particles that altered the original configuration of the nozzle holes.
On the other hand, MS nozzles have shown symmetric sprays for both the operating conditions. However they also suffered the fatigue test on the engine, showing an asymmetric behavior after 100 hours functioning in the engine. This could be seen comparing the results from the nozzles MS1-11 and MS1-03U, which are of the same type, but the second one underwent to 100 hour test on the engine. A sequence of spray images for both nozzles is shown in figures 6 and 7, respectively. The strong cavitation in holes #1 and #3 of figure 7 shows the fast deterioration of the nozzle performance with the use. Similar conclusion could be drawn from the data reported in appendix A for the above mentioned nozzles. In fact, both penetration and cone angle after the use in the engine present a higher hole-to-hole variation. Furthermore, for the split injection, after the use in the engine the injected quantity per shot was also reduced of about 25% going from 8 mm 3 /shot for the new nozzle to 6 mm 3 /shot for the used one. Such reduction was produced by the deposition of carbon particles that fouled the hole diameter. No reduction in the injected quantity was however observed in the single injection case.
Among the VCO nozzles, those with the DG needle geometry have shown the more symmetric spray as it could be seen by comparing the results from the nozzle VCO6 GIS DG-01 and VCO7 GIS-02 reported in figures 8 and 9 and in Appendix A. As indicated also in table 1, both injectors have the same geometry but the first has a double guide needle. From the spray images it is possible to see how the DG needle helps to keep co-axially needle and nozzle assuring a simultaneous opening of the nozzle holes avoiding spray irregularities. Whereas, from the shape of the sprays in figure 9 it is possible to infer a deviation of the needle in the first part of the injection event, producing evident cavitation of the spray coming out from the holes #1, 3, 4, 5. However, after about 500 µs from the actual start of the injection, e.g. 280 µs from the ET signal, the differences between the sprays are strongly reduced and they disappear after about 700 µs from the start of injection. This behavior suggests that the needle at the beginning of the injection is moved from its axial position toward the injector's walls because of a notuniform force distribution. After a transient time of about 500 µs the flow reaches a quasi steady state regime and the pressure around the needle becomes practically uniform neutralizing in this way the needle eccentricity.
The effect of the 100-hour fatigue cycle on nozzle performance is also clearly visible for the VCO geometry as shown by the data reported in Appendix A for the case VCO4 GIS DG-02U. Also in this case a reduction of the injected fuel could be observed after the fatigue test.
GIS needle geometry did not improve the behavior of VCO nozzles as could be seen for example by comparing the nozzle VCO2-06 which is equipped with a standard needle and the nozzle VCO3 GIS-01 which has a needle with GIS geometry. Data for the last two cases are reported in figures 10, 11, 12, 13 and their spray penetration and cone angle plots are reported in Appendix A. Acquired data show that both nozzles present an asymmetric behavior, particularly at the very beginning of the injection. In fact, if the behavior of the second one (VCO3 GIS-01) is more symmetric at 1400 bar, in the sequence at 400 bar, the situation is reversed and its anomalies are more evident.
In general, nozzles with RV geometry, showed a more symmetric behavior than the VCO nozzles. Furthermore, the use of GIS needle geometry with RV nozzles resulted in more symmetric sprays. This could be noticed by comparing the data of the nozzles RV2 GIS-02 and RV3 GIS-01, that have a more symmetric and regular spray, with that of the nozzle RV1-07, which is not equipped with a GIS needle. Data for the above mentioned cases are shown in figures 14, 15, 16 and in the respective plots reported in appendix A. These nozzles also suffered the 100-hour fatigue test on the engine as visible by the comparison between the data for the cases RV1-07 and RV1-05U shown in Appendix A.
The effect of the hole conicity did not seem to have any effect on the spray abnormalities. In fact, all the analyzed MS, with a C coefficient in the range -1.5≤ C ≤ +1.5, and VCO, with a C coefficient in the range 0≤ C ≤ +2.0, did not manifest consistent changes from their general behavior.
The flow rate had no influence on the spray behavior. For example the nozzles VCO3 GIS-01 figures 10 and 12 and VCO7 GIS-02 figure 9 have the same geometric characteristics, but different flow rate and both present similar spray abnormalities, particularly at the very beginning of the injection at both 1400 bar and 400 bar.
The injection pressure was found to generally increase spray abnormalities increasing both the cavitation number along the nozzle holes and the needle deviation from its axis. However, some nozzle produced a more symmetric spray at 1400 bar than at 400 bar. This could be explained taking into account the needle deviation. In fact, as the needle approaches the nozzle wall, the differential pressure along some of the nozzle holes reduces because of the increased losses in the fuel flow, therefore reducing the cavitation number consistently with results of as was also found by L. Fiorentino et al. [7] .
MICROSCOPIC ANALYSIS OF THE HOLES
The microscopic analysis of the nozzle holes has been carried out by means of an optical microscope and a linked reflex 35 mm camera. By using a special tool, the nozzles were placed so that the hole axis (72.5°f rom the nozzle axis) was co-axial with the microscope lens axis. Images were acquired on a 100 ASA film and then developed and printed on photographic paper (153x110 mm format) obtaining a total magnification of X230. Once printed, the pictures were digitazed with a scanner and saved on a PC in Tiff format. The dimensions of the outlet hole diameters in four different positions displaced 45° from each other have been measured by means of a specific software, so to obtain information on the holes eccentricity.
The analysis aimed at identifying micro-defects, hole eccentricity, micro-burrs, occlusions, wear, etc., to understand to what extend they affect spray asymmetries.
The analysis of the images showed that spray anomalies are scarcely due to the outlet holes imperfections or drilling defects. In fact, even though indented borders, eccentric shape, different outlet diameter dimensions of the holes from the same nozzle were identified, no correlation between spray asymmetries and hole defects was found. The acquired data show that for all the holes of the investigated nozzles the absolute mean deviation of the diameter was at the most of 4.25 µm. By comparing the spray analysis data with those coming from the hole diameter analysis, no correlation was found.
Only for the nozzles that underwent the 100 hour fatigue test on the engine, it was possible to correlate the asymmetry of the spray (observed in all the nozzles investigated) with the hole defects. After the fatigue test the holes were obstructed by combustion residual, which considerably reduced the fluid flow cross section, thus facilitating cavitation.
CONCLUSIONS
The results obtained in the present investigation showed the differences in the behavior of nozzles with different geometry. In particular it was observed that mini-sac and reduced volume nozzles produce a more symmetric and homogeneous spray than VCO nozzles that manifested large hole to hole differences mainly visible in the first 500µs from the beginning of the injection. The most effective parameter in determining spray uniformity was by far the nozzle body geometry. It was also observed that the double guide needle geometry strongly influenced the spray behavior of VCO nozzles facilitating symmetric sprays. This confirmed the idea that the observed spray anomalies of VCO nozzles are mainly due to micro-deviations of the needle. Holes imperfections did not affect spray characteristics at all.
All the investigated nozzle geometries after a fatigue test of 100 hours in the engine presented an increase of the hole-to-hole spray differences. This has been shown to be caused by solid combustion residuals inside the holes, which reduce the fluid flow cross section causing anomalies and asymmetries in the spray plumes, also in nozzles that when new showed a stable symmetric behavior.
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